Introduction
There has been a strong need to develop advanced ferritic steels which can be utilized even in ultra super critical (USC) conditions of power plants. 1) In those plants, there is a trend of raising the steam temperature up to 923 K (650°C), but in such high temperatures steam oxidation will occur remarkably in ferritic steels even if they contain Cr at a high content level (e.g., 10 mass% Cr). It is well known that Si is one of the most effective elements to improve the steam oxidation resistance of ferritic steels, 2) but instead it deteriorates the creep strength at elevated temperatures. Therefore, the excess addition of Si is not adequate to keep a good balance between the oxidation resistance and the creep strength. Cr is also an effective element to increase the steam oxidation resistance, but the excess addition of Cr leads to the d-ferrite formation in the steels, which lowers the creep strength.
Sulfur is known as a harmful element, since it lowers the fracture toughness as well as the ductility when the steel is served for a long time at high temperatures.
3) It is also known that S reacts readily with transition metals and forms an eutectic phase, resulting in the lowering of the melting point compared to that of the transition metal. 4) Thus every effort has been made to lower the sulfur content in the steel making process. In fact, according to the specifications of commercially available ferritic steels the upper limit of S has been set at about 300 ppm, but recently it has become about 100 ppm. Great advances in industrial technologies make it possible to produce further superclean ferritic steels 5) containing less than 50 ppm S. Sometimes the S content is controlled to be as low as 10 ppm.
However, it is found from this study that the presence of S at an impurity level, leads to a tremendous improvement of the steam oxidation resistance of high Cr ferritic steels. The purposes of this paper are to present several experimental evidences for this advantageous effect of S in the steels, and also to issue a warning to steal manufacturers that over-purification sometimes deteriorates the steel property.
Experimental Procedure

Steel Preparation
In this study, fourteen kinds of ferritic steels are prepared and their chemical compositions are listed in Tables 1(a) and 1(b). Eight steels listed in Table 1 (a) are employed for investigating microalloying effects on the steam oxidation resistance. Namely, B0 is the mother steel, and this steel is modified by microalloying. Each steel name is set following the microalloying element in the steel. For example, BC means that C is added into B0. Similarly, added element is Mn for BMN, W for BW, S for BS, Re for BRE, and Si for BSI. In case of BMNS both Mn and S are added into B0. Eight steels listed in Table 1 (b) including B0 and BS steels are employed in order to examine the dependence of steam oxidation resistance on the S content. They are classified into two series. One is the B series steel, which contains about 0.2% Si, about 0.5% W but no Re. The other is the 6S series steel, which contains about 0.2 % Re, about 3.2 % W and a low level of Si content, 0.07 %. The S content in the 6S series steel changes in the order, 6S0Ͻ6S1Ͻ6S2Ͻ 6S3. Here, two steels, B0 and BS, are listed in both Tables 1(a) and 1(b) for easy comparison in the chemical compositions among the experimental steels. For example, the S content in the B series steel changes in the order, B0Ͻ BS1ϽBSϽBS2.
The 15 kg ingots of B0 and 6S0 steels are first prepared by using a vacuum induction furnace. Each ingot is cut into a plate with the size of 20ϫ45ϫ75 mm and the weight of about 0.5 kg. A plate is melted together with a proper amount of the microalloying element in an arc furnace, and a button shaped ingot is prepared. Each button ingot of the fourteen steels is then hot-rolled into a plate with 7 mm in thickness. The plate is normalized at 1 323 K for 3.6 ks, followed by air cooling and then tempered at 1 043 K for 10.8 ks. Specimens for the oxidation test are cut from the tempered plate so that the specimen size is 10ϫ30ϫ3 mm. Listed values in Tables 1(a) and 1(b) are chemical compositions analyzed by a conventional method.
Oxidation Test
In order to get reproducible oxidation data for each experimental steel, two specimens are exposed to steam at 923 K for 3.6 Ms under 1 013 hPa (1atmospheric pressure) using a furnace equipped with a chamber made of an austenitic stainless steel. After this oxidation test is performed, the cross-section of the specimen is observed metallographically and also the thickness of the surface oxide layer is measured. In addition, X-ray microanalysis is performed on the cross-section of the oxide-layer in order to get distributions of S in the surface layer.
Results and Discussion
Effect of Microalloying Elements on Oxidation
Resistance Figure 1 shows the results of the measured total thick- ness of surface oxide layers formed on the B series steels by exposing them to steam atmosphere at 923 K for 3.6 Ms. Two data are shown in the figure for each steel. There is agreement between them, which indicates that data are well reproducible in the present oxidation experiment. BC, BMN and BRE show slightly better oxidation resistance than the mother steel, B0, whereas BW shows much poorer oxidation resistance than B0, indicating that W is an element to reduce oxidation resistance to steam at 923 K. In contrast to these steels, BS, BMNS and BSI steels show remarkable reductions in the thickness. Their thickness is about half of that of B0. In particular, BS, which is a steel microalloyed with S into B0, shows only 40 mm in thickness. Besides this, BSI shows a good indication of the oxidation resistance, in agreement with the previous result. 2) However, the amount of the microalloying element is 0.009 mass%S in BS and 0.47 mass%Si in BSI, as shown in Table 1 . It is evident that S is a more effective element in improving oxidation resistance than Si. It is noted here that the amount of S to be added for microalloying in this experiment is as low as the usual impurity level in the steel. This means that the existence of S at such a low content level in ferritic steels is probably not detrimental to the mechanical properties at room temperature and at high temperatures as well.
Also, excellent steam oxidation resistance of BMNS is probably due to the similarity in the S content as in BS. BMNS contains Mn in addition to S, but the Mn effect is probably less remarkable as compared to the S effect, judging from the data of BMN. Thus, experimental results shown in Fig. 1 indicate clearly that the presence of S at an impurity content level in high Cr ferritic steels improves significantly the oxidation resistance to steam at 923 K. Figure 2 shows the optical micrographs taken from a part in the cross-section of the oxide surface layer formed on the steel exposed to steam atmosphere at 923 K for 3.6 Ms. In every steel, the oxide layer is composed of two layers, being consistent with the previously reported result in high Cr ferritic steels. 6) One is the inner Cr rich layer and the other is the outer Fe rich layer, 6) as marked representatively in B0, BC and BW. As is seen in B0 in Fig. 2 , the two layers are often detached because of the separation of them during handling for the observation. By comparing the microstructure between B0 and BS, it is confirmed that the total thickness of the oxide layers becomes about half by the S addition.
The X-ray microanalysis is made across the oxide layer on 6S3 steel containing 260 ppm S, and the result is shown in Fig. 3 . Because of the low S content in this steel, the S signal is weak, but S is found to enrich near interface between the inner oxide layer and the base metal of the steel, as is represented by red and yellow colors in Fig. 3. 
Changes in Steam Oxidation
Resistance with S Content As mentioned earlier, the S content in the steels shown in Table 1 changes in the order, B0ϽBS1ϽBSϽBS2 in the B series steels and 6S0Ͻ6S1Ͻ6S2Ͻ6S3 in the 6S series steels. Figure 4 shows the changes in the total thickness of the oxide layers with S content in the B series and 6S series steels exposed to steam atmosphere at 923 K for 3.6 Ms. The total thickness decreases abruptly until the S content reaches 0.005 % (50 ppm) and then decreases gradually with increasing S content. Therefore, the S content should be controlled in the refining process so as to remain in the range of 0.005 % to 0.01 % in high Cr ferritic steels and to improve the oxidation resistance without any harmful effect on the mechanical properties.
The 6S series steels exhibit worse oxidation resistance than the B series steels. This difference is attributable simply to the fact that the 6S series steels contain larger amount of W and also a smaller amount of Si than the B series steels. As explained in Sec. 3.1, W promotes the oxidation, but Si suppresses the oxidation. This compositional difference, however, leads to higher strength at elevated temperatures in the 6S series steels than the B series steels. Therefore, in order to improve steam oxidation resistance without giving any detrimental effects on high-temperature strengths, the S content level should be controlled in highstrength high-Cr ferritic steels. The addition of about 100 ppm S into 6S0 steel yields oxidation resistance comparable to B0. Unfortunately, at the moment the mechanism of the S effect still remains unclear on the steam oxidation resistance.
Recently, the technology of high Cr ferritic steels has made progress towards high purification. However, the results obtained in this study imply that a suitable amount of impurity elements should remain in the ferritic steels in order to get excellent combinations of various properties. "Superclean" is not necessarily good in the steels for the practical use.
Conclusion
It is found that S is the most effective element to increase the steam oxidation resistance at elevated temperatures. The existence of 0.005 % S in high Cr ferritic steels causes a tremendous improvement of steam oxidation resistance at 923 K.
